Investigation of the crack growth mechanism in epoxy resin specimen subjected to both tensile load and cavitation impact was conducted in this work. An experimental apparatus for conducting the test was self-manufactured so that a tensile load can be applied to the specimen while at the same time receiving repeated impacts loads from collapsing cavitation bubbles. The tests were done inside a tank filled with distilled water with fixed temperature. An initial crack was introduced to the specimen in order to analyze the propagation mechanism. Then, the crack growth rate was evaluated under several different loading conditions. As the results, when cavitation load was applied without a tensile load, the initiated crack did not propagate whereas erosion damages were generated on the specimen surface. When tensile load only was applied, the initiated crack propagated at a slow speed. However, when both tensile load and cavitation impacts were applied, the crack growth rate was significantly accelerated by approximately 10,000 times compared to that without cavitation load. According to the captured images, all specimens regardless of the loading condition, fractured in a similar process which began with a blunted crack, crack propagation, cracks merger, and finally specimen rupture. This finding suggests the importance of incorporating both tensile and cavitation impact loads in estimating the life-service of a component in turbomachinery application.
Introduction
In fluid machineries such as turbine, pump, and valve, components damage caused by cavitation has been a critical issue that needs a proper solution. Besides the technique for predicting the service-life of a component, the repairing technique is also important for extending the service-life and decreasing the maintenance cost. Several techniques of surface coatings are available for repairing the cavitation damage, such as by metal plating, thermal sprays, weld overlays, ceramic coatings, and polymer coatings. Among them, however, surface coatings by polymers materials have not been evaluated comprehensively.
A number of studies were done to understand the anti-cavitation performance of polymeric coating materials. Hattori et al. [1] conducted cavitation erosion tests on many kinds of polymeric materials by means of vibratory cavitation test (ASTM G32) and cavitating liquid jet test (ASTM G134). They revealed that polymeric materials show a proportionality between its fatigue strength and cavitation erosion resistance. Garcia et al. [2] evaluated the generation of damage in epoxy-based multilayer coating by vibratory cavitation test. They explained the crack growth mechanism during the incubation stage is most likely driven by plastic deformation and crazing. A recent report by Hibi et al. [3] which investigated the cavitation damage behavior of an epoxy-resin material under tensile load effect can be found. According to their experimental results, besides cavitation erosion, the specimen experienced fracture if a constant tensile load was introduced. Furthermore, they explained that the fracture mechanism was mainly driven by the combination of fatigue-like crack growth and creep deformation. However, no quantitative analysis on the crack growth rate was provided.
The present work serves as the continuation study of Hibi et al. [3] . In order to quantify the crack growth rate in epoxy resin specimen under both tensile load and cavitation impacts, experiments using the same apparatus were conducted. A new approach was implemented by introducing an initial crack-tip to the specimen. By this, we could monitor the crack growth progress more accurately by a video camera. Utilizing the captured images, observation of the crack propagation and failure mechanism could be done more easily. Finally, the crack growth rate at different loading condition was quantified and compared with others.
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Experimental Procedures

Test conditions
Cavitation tests based on ASTM G32 were carried out. A self-developed experimental apparatus by Hibi et al. [3] was utilized to apply several kinds of constant tensile load and cavitation impacts during the test. Figure 1 shows the experimental apparatus setup. Distilled water was used as the test liquid with a temperature of 25ºC controlled by the circulation tank. A magnetostrictive vibrating device was used to generate cavitation bubbles between a stainless horntip (SUS304) and specimen surface. The vibration frequency was set to be 19.5 kHz with an amplitude of 50 µm based on ASTM G32 [4] . To generate different intensities of cavitation impacts, the specimen was placed at several distances (d) of 0.5, 1.0, 1.5, 2.0, and 3.0 mm from the horn-tip. The specimen condition during cavitation test was monitored in real-time by a video camera utilizing a mirror put at the below of the specimen. Chucks were used to apply a constant tensile load of 5, 10, and 15 kg to the specimen through a stainless steel wire using some weights. Two linear guides which can move freely were used to set the chucks. Table 1 summarizes all of the loading conditions. Figure 2 shows the specimen used in the experiment which was made by epoxy-resin Bond E Set L (Konishi Co., Ltd.). A base mold of silicon rubber was manufactured for making the specimen shape. Following the manual, epoxyresin with a ratio of base resin and curing agent of 1:1 was blended. The blend was then poured down into the mold and cured at a room temperature for 1 day until became hard enough, and subsequently put into a thermostat oven chamber (Tokyo Rikakikai Co., Ltd., WFO-450PD) at a temperature of 50ºC for 72 hours to complete the curing process. A crack tip perpendicular to the direction of the tensile load was initiated at one-side of the specimen by a micro wire-cut machine (BS-300 CP-A, Meiwafosis Co., Ltd.) for 3.5 mm, and then by razor blade for 0.5 mm. The total crack length was about 4 mm as shown in Fig. 2 
Experimental Results and Discussion
Crack Propagation Process
Based on the monitoring results by a video camera shown in Fig. 3 , all specimens tested at different tensile load and cavitation impacts acted in a similar process of crack propagation until rupture. After several minutes or hours of testing, the initiated crack became blunted while propagated in the transverse direction. As time passed by, the crack length increased, and cavitation erosion damage was generated in the specimen. Finally, the specimen fractured by the merging of the propagated crack and penetrated erosion damage. The detailed explanation of the penetrated cavitation damage was provided by Hibi et al. [3] . In addition, only the specimen tested at a tensile load of 5 kg and horn-tip distance of 2.0 mm did not fracture after 89 hours of testing. Because the location of the crack due to erosion and the time of merging of the cracks are irregular, the shape just before the rupture was different. On the other hand, in the case of a test without cavitation impact (tensile load of 15 kg), it was confirmed that the crack gradually propagated until rupture occurred. The time needed until rupture got shortened as the tensile load and the cavitation intensity was increased (3.0 mm to 0.5 mm). 
Crack Growth Rate
As the process up to rupture was qualitatively evaluated, the quantitative evaluation is thus necessary. For this, we attempted to quantify by paying attention to the crack length progression versus time. The crack length measurement was done as the following. First, images of crack growth were captured at regular time intervals from the recorded video image. Next, an image processing software, Micro Labo LT 3.6, was used to measure the crack length at every time interval. The width of the test piece was used as a reference length data. The crack growth rate was obtained by dividing the difference in crack length between two captured images by the time difference as shown in Eq. (1) . The time at this capture was the average time as depicted in Eq. 2.
The stress intensity factor was calculated using Eq. (3), which is the stress intensity factor of the semi-infinite plate with edge cracks.
In this equation, ∞ is the stress obtained from the applied tensile load divided by the cross-section, and a is the corresponding crack length. In this case, in order to obtain the crack growth rate, the crack length was taken as the average length of two captured images.
The crack lengths vs. time of all tests were summarized in Fig 4. It was found that as the tensile load got higher and the distance between the test piece and the horn-chip was smaller, the time to fracture tended to be faster. The relationship between the crack growth rate and stress intensity factor is shown in Fig. 5 . It was revealed that the crack growth rate was dramatically accelerated by 10,000 times compared to that of without cavitation load. Furthermore, the growth rate was found to fluctuate and showed almost constant value regardless of the stress intensity factor with a range of 1,000 mm/s. Based on the study reported by Hibi et al. [3] , it is most likely the large acceleration of crack growth rate under mixed loads of tensile and cavitation impacts was mainly caused by the increasing temperature and vibrational load effects generated by cavitation impacts. In this regard, further investigation is therefore needed. 
Conclusion
Investigation on the effect of cavitation impacts on the crack propagation in an epoxy-resin material under tensile load was conducted. It was revealed that under a mixed condition of tensile load and cavitation impacts, the crack propagation was significantly accelerated by 10,000 times higher than that without cavitation impacts. Further investigation to understand the mechanism which generate this phenomenon is therefore needed. This finding would be useful for improving the life-prediction technique of coating materials in turbomachinery operation.
